The flavoprotein nitroalkane oxidase catalyzes the oxidative denitrification of primary or secondary nitroalkanes to the corresponding aldehydes or ketones with production of hydrogen peroxide and nitrite. The enzyme is irreversibly inactivated by treatment with N-ethylmaleimide at pH 7. The inactivation is time-dependent and shows first-order kinetics for three half-lives.
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The flavoprotein nitroalkane oxidase from the fungus Fusarium oxysporum (ATCC 695) catalyzes the oxidative denitrification of primary or secondary nitroalkanes to the corresponding aldehydes or ketones with production of hydrogen peroxide and nitrite (Scheme 1). The study of an enzyme capable of oxidizing nitroalkanes is of considerable interest from both fundamental and applied standpoints. Nitroalkanes are widely used as industrial solvents, chemical intermediates, explosives, and fuels (1) . Several nitroalkanes are toxic and/or carcinogenic (1) .
Thus, an enzymatic activity that converts nitroalkanes into less harmful species has significant potential for bioremediation. From a chemical standpoint, the formation of nitronates in solution is a well-characterized chemical reaction (2) that serves as the basis for understanding the formation of carbanions involving much weaker carbon acids, such as amino acids and α-hydroxy acids. Therefore, the study of an enzymatic activity that carries out the oxidation of nitroalkanes provides the unique opportunity to compare the enzyme-catalyzed formation of nitronates with the reaction in solution.
Nitroalkane oxidase is isolated with the flavin cofactor in the form of an N(5)- [3- nitrobut-2-yl]-1,5-dihydroflavin adenine dinucleotide and is consequently not active (3, 4) . This nitrobutyl-flavin adduct can be converted in vitro to flavin adenine dinucleotide (FAD) yielding active enzyme (4, 5) . The FAD-containing enzyme is active on a broad range of primary and secondary nitroalkane substrates (6, 7) . Although other flavoprotein oxidases, such as D-amino acid oxidase (8) , glucose oxidase (9) , and 2-nitropropane dioxygenase (10, 11) , have been shown to be able to oxidize nitroalkanes, nitroalkane oxidase is unique in that it requires the neutral form of the substrate for catalysis (4, 12) . Mechanistic studies of nitroalkane oxidase support a chemical mechanism in which an active site base with a pK a value of 7 removes a proton from the α-carbon of the substrate to initiate catalysis (13, 14) . The resulting carbanion attacks the N(5)-position of FAD to form a covalent adduct that subsequently decays to form nitrite and the aldehyde or ketone product. This covalent adduct can be trapped by nitroethane anion during turnover of the enzyme with nitroethane, yielding 5-[3-nitrobut-2-yl]-1,5-dihydroflavin adenine dinucleotide (4) . The steady state kinetic mechanism of nitroalkane oxidase has been determined by guest on January 21, 2018 http://www.jbc.org/ Downloaded from 4 with nitroethane (13, 14) . The data are consistent with a ping-pong iso-mechanism in which the release of the aldehyde product from the reduced enzyme is followed by an irreversible isomerization to yield the enzyme species that reacts with oxygen. Despite the considerable advances in the biochemical and mechanistic characterization of the enzyme, no structural information is available beyond the sequence of part of the gene encoding for the N-terminal half of nitroalkane oxidase 1 . In the absence of crystallographic data, an effective strategy to identify active site residues has been the use of irreversible inhibitors. This approach has been recently used to identify an essential tyrosine residue in the active site of nitroalkane oxidase (15) . In the present report, we describe a kinetic and structural characterization of the inactivation of the FAD-containing form of nitroalkane oxidase by the cysteine-directed reagent N-ethylmaleimide (16 Fusarium oxysporum (ATCC 695) as previously described (7) . The activated FAD-containing form of the enzyme was prepared according to Gadda et al. (4) and was stored at -70 o C in the presence of 0.5 mM FAD to prevent formation of the less stable apoprotein. The concentration of nitroalkane oxidase was determined by the method of Bradford (17) using bovine serum albumin as standard. All other reagents were of the highest purity commercially available. were separated by reverse-phase HPLC. In our initial attempts the reaction was stopped by the addition of 10% trichloroacetic acid. When this was done, the tryptic maps of the two samples were identical (data not shown), suggesting that the modification is acid-labile. In contrast, when the reaction was quenched by using gel filtration to remove the unreacted reagent, the tryptic map of the sample lacking valerate showed an extra peak eluting at 61.4 min (Figure 2 ). This was the only HPLC fraction showing significant incorporation of radioactivity in either sample.
The N-terminal amino acid sequence of the alkylated peptide was determined by automated (Table 1) , where X indicates the absence of any phenylthiohydantoin derivative in the chromatogram. This sequence corresponds to that of a peptide in nitroalkane oxidase previously identified using tetranitromethane as an active site (Table 2 ). The sequences of both peptides determined from the ion trap spectrometric analysis were in agreement with that from the Edman analysis. The data in Table 2 are consistent with the cysteine residue at position 7 being the site of alkylation by Nethylmaleimide and the methionine residue at position 6 being oxidized in the species with m/z
Discussion
The mechanism by which C-H bonds are cleaved by enzymes represents a fundamental problem in enzymology, because of the high energetic barrier associated with this process.
Thiamin-and pyridoxal-dependent enzymes are able to lower this energetic barrier by derivatizing the substrate. With this respect flavoprotein oxidases are particularly intriguing because cleavage of the carbon-hydrogen bond is carried out on the underivatized substrate (19) .
The mechanisms by which the substrate pK a is lowered to allow C-H bond cleavage is not yet fully understood, although recently attracting models invoking short hydrogen bonds have been put forward (20, 21) . In the case of nitroalkanes, the pK a value for deprotonation of the α-carbon is below 12, so that little activation is required for proton removal (22) . This peptide is the same as the one previously identified using tetranitromethane as an active site probe (15) . The cysteine residue identified here is adjacent to the active site tyrosine nitrated by tetranitromethane (15), strengthening the conclusion that both these residues are in the active site of the enzyme. As previously reported, no direct match of the sequence of the alkylated peptide could be found with the available partial gene sequence of nitroalkane oxidase 1 , indicating that the cysteine and tyrosine residues are located in the C-terminal half of the protein.
In terms of the catalytic roles of these two residues, we have previously proposed that the tyrosine residue participates in substrate binding by forming a hydrogen bond to the nitro group of the nitroalkane substrate (15) . A possible role for a cysteine residue is as the active site base that abstracts a proton from the α-carbon of the substrate, as is the case with the flavoprotein dihydroorotate dehydrogenase (24, 25) . The involvement of a cysteine residue in catalysis is 13 consistent with solvent kinetic isotope effect studies of nitroalkane oxidase, specifically an inverse effect on the V/K value of about 0.5 1 . Previous pH-dependence studies on the enzyme showed the presence of a base with a pK a value of 7 in the free enzyme (14) . However, the effects of D 2 O on the pH dependence do not support the assignment of the cysteine as the residue responsible for this pK a . The pK a value of a cysteine residue should shift less than 0.4 units when changing from water to D 2 O (26) . Instead, the pK a value increases to 7.7 in D 2 O 1 , strongly suggesting that the catalytic base in nitroalkane oxidase is not a cysteine residue. In the catalytic mechanism of Scheme 2, another active site base is required to deprotonate a water molecule to form the hydroxide that reacts with the cationic imine formed during catalysis. Although a serine residue would seem more appropriate for this reaction due to the pK a value of about 15 of its functional group (27) , a cysteine residue with an unusually high pK a value could act as this base.
An alternative explanation is that the active site cysteine is not directly involved in catalysis, but that enzyme inactivation stems from steric hindrance due to the presence of the Nethylmaleimide moiety in the active site preventing substrate binding.
In summary, the chemical modification studies with N-ethylmaleimide presented here
show that a cysteine residue is present in the active site of the flavoprotein nitroalkane oxidase.
This amino acid residue is located next to a tyrosine residue previously identified in the active site of nitroalkane oxidase. These results are a prerequisite to future mutagenesis studies aimed at a better understanding of the catalytic mechanism of this enzyme. The parental ion with m/z 2+ value of 1132 was fragmented in the ion trap mass spectrometer as described in Experimental Procedures. by guest on January 21, 2018 
